order to establish a robust protocol to ensure test repeatability. The investigation focused on pre-treating the catalyst sample in hydrogen, oxygen or nitrogen environments at specified conditions of flow and temperature. Following pre-treatment, identical CO light-off tests were performed in order to assess the respective influences of each pre-treatment. A trend of lower light off temperatures was observed for all pre-treatment strategies on the first of two consecutive light-off temperature ramps with a notable increase in light off temperature observed on the second ramp. As a result of this study a pre-treatment protocol was established. The protocol involves treating the catalyst sample in flowing nitrogen up to 600° C using a temperature ramp of 15°C/min.
ABSTRACT
Computer simulation is now considered to be a crucial stage in the design of automotive catalysts due to the increasing complexity of modern aftertreatment systems. The resulting models almost invariably include surface reaction kinetics that are measured under controlled conditions similar to those found on a vehicle. Repeatability of the measurements used to infer surface reaction rates is fundamental to the accuracy of the resulting catalyst model. To achieve the required level of repeatability it is necessary to ensure that the catalyst sample in question is stable and that its activity does not change during the test phase. It is therefore essential that the catalyst has been lightly aged, or 'de-greened' before testing begins. It is also known that the state of the catalyst's surface prior to testing has an impact on its subsequent light-off performance and that test history can play an important role in catalyst activity. Suitably pre-treating the catalyst surface can ensure that a reference point is reached prior to a light-off test. The work summarised in this paper includes a study of both the de-greening phase and the state of the catalyst's surface on its activity, with the aim of developing a robust test protocol that provides repeatable kinetic data under realistic operating conditions.
To establish a protocol for initial stabilisation of new catalyst samples a series of tests were conducted on catalysts that had been thermally aged at 600°C and 750°C respectively until the sample exhibited stability. The activity of the sample was assessed by repeating identical CO light-off tests following each period of time in the oven. A period of 8 hours at 750°C was found to sufficiently stabilise the sample.
In the pre-treatment study an investigation into the effect of several pre-treatment protocols on CO light off was carried out on a three-way catalyst of commercial formulation in
INTRODUCTION
The generation of toxic and pollutant emissions such as CO, HCs and NO x from mobile vehicles as a result of burning fossil fuels is a topic that has received a considerable amount of attention for more than four decades. As the volume of mobile vehicles continues to increase the emissions legislation imposed on such vehicles has become progressively more stringent. Although the emissions generated can be mitigated to an extent by engine management strategies, these are not sufficient to meet the laws imposed by legislators. To achieve the required tail-pipe emissions a catalytic converter is an essential device.
The automotive catalytic converter is typically a ceramic monolith structure specifically designed to convert toxic and pollutant emissions resulting from incomplete combustion within the engine. The device achieves this by using precious metals (PMs) such as Pt, Pd and Rh to oxidise or reduce the respective compounds. The selection of the PMs used and any additional chemical compounds is entirely dependent on the gaseous atmosphere within which the converter will be required to operate i.e. stoichiometric (gasoline) or lean (diesel or gasoline lean burn) conditions and as a result the chemical compounds to which the converter will be subjected.
The ideal conversion pathways for the main pollutants, CO, HCs and NO x to be eliminated are detailed in Equations 1, 2, 3, 4, 5 where Equations 1 and 2 are oxidation reactions and Equations 3, 4, 5 represent reduction reactions [1] .
These equations represent the most straight forward pathways to the desired end products of CO 2 , H 2 O and N 2 . However, in reality there are many possible intermediates within these reactions which may produce various HCs and other undesired products [2] .
It is important that the catalytic converter work as efficiently as possible with respect to conversion of the harmful pollutants in question. The most notable drawback of the catalytic converter is that it will only convert the toxins when it has reached its operating temperature. The activity of a catalytic converter is typically described by measuring its conversion efficiency relative to its feed gas temperature; this is widely referred to as its light-off. The light-off temperature is defined as the temperature at which the catalytic converter converts 50% (T 50 ) of the inlet concentration of the toxin in question.
Catalyst performance is often assessed using engine tests whereby the exhaust gas emissions are analysed directly from the engine post catalyst. These tests incorporate various strategies to assess catalyst performance during different modes of operation such as cold start and transient operation [3, 4, 5] . In addition to engine testing chassis dynamometer tests are used to ensure that vehicle fleets meet the relevant emission regulation requirements by using simulated drive cycles [6] [7] . Although engine and dynamometer tests are useful for proving that after-treatment systems adequately meet the required standard for on-road use, the extraction of reaction rates and kinetics from such tests is not feasible. In order to establish kinetic equations a high degree of repeatability is critical as well as the ability to vary individual gas component concentrations to allow assessment of inhibiting or promoting characteristics. One method of achieving this repeatability and independent control of individual gas components is simulation of exhaust gas mixtures. This can be achieved by using a mixture of synthetic gases representative of a real exhaust gas stream by employing mass flow controllers and a controllable furnace to achieve a representative heating pattern. This approach is particularly useful when investigating in detail the chemical kinetics and light-off characteristics of a particular catalyst sample [8] [9] .
The measurement of kinetics is essential for modelling the behaviour of automotive catalysts. Experimental testing of commercial automotive catalysts in a controlled environment which allows variation of specific gas concentrations and temperature conditions facilitates the calculation of reaction rates and kinetics. By observing how one gas specie within a mixture affects the reaction rate of itself and other species gives an insight into the inhibiting or promoting effects of the respective gas within a mixture. Use of a synthetic gas reactor allows for such variation of concentrations which would not be possible on an engine. The oxidation of carbon monoxide is one example where the ability to vary gas concentration is an advantage as it is well known that carbon monoxide inhibits its own oxidation. Increasing concentrations of oxygen promotes the reaction rate while the presence of hydrocarbons and NO x also inhibit this particular reaction. The resulting surface reaction expression is essential for modelling the behaviour of CO such as that detailed in Equation 6 which incorporates inhibiting and promoting terms with respect to the oxidation of CO [9] . Measurement of reaction kinetics is therefore required for individual gas species within a representative exhaust gas mixture in order to build robust catalyst simulation models.
(6)
There are further factors which affect repeatability in catalyst testing. When a catalyst sample is new, also referred to as being 'green', it is necessary to stabilise the sample [10] [11] . The activity of a catalyst sample rapidly reduces during the first few hours of use due to sintering of the surface as a result of exposure to high temperatures. Agglomeration of the precious metal particles reduces the availability of the active phase for reaction. The stability of the catalyst sample used to build kinetics is critical and so it is important to ensure that the surface of the sample is sufficiently stable. Therefore, it is common practice to 'de-green' a new catalyst sample to ensure that it is stable prior to the commencement of its test life and to ensure repeatable and reliable results. The extraction of kinetics from a fresh catalyst would be meaningless as any results would be unrepresentative of the typical conditions experienced on a vehicle as the green catalyst would exhibit increased activity and would also experience a continual change in its surface state. As a result of the requirement for surface stability, the aim of this study was to establish a robust procedure for de-greening by subjecting a catalyst sample to cumulative periods of time in air at high temperatures and testing the sample's activity using a CO light-off at each interval until the sample exhibited repeatable results.
In addition to the de-greening study presented, a further investigation into pre-treatment of the catalyst sample is also included [10] [12, 13, 14, 15] . The state of catalyst sample surface is a further factor which influences catalytic activity and so affects the subsequent kinetics extracted from empirical results. Therefore it is necessary to work from a datum point where the sample surface is in a similar state prior to each test. This study focuses on the effect of a reducing, oxidising or inert pre-treatment strategy on the surface of the catalyst and the subsequent effect on the activity of the sample by using a CO light-off. The objective of this study was to ascertain whether it is necessary to periodically 'clean' the catalyst surface to ensure that it remains in a consistent state for each of the tests to which it is subjected.
EXPERIMENTAL
This study was conducted using the SIGU 2000 simulated gas generator manufactured by Horiba. This instrument incorporates mass flow controllers (MFCs) which are connected to synthetic gas bottles via stainless steel gas lines. There are nineteen MFCs including one liquid MFC for injection of water into the mixture and three for perturbation. The system also incorporates two liquid hydrocarbon baths which can be used for injection of hydrocarbons such as decane, toluene, xylene and ethanol. The MFCs have an accuracy of +/−1%, repeatability of +/− 0.2% and stability of +/− 1%/hour. All synthetic gases were supplied by BOC. The mass flow controllers ensure the desired gas concentrations are transported through to the catalyst sample which is located within the instrument. An integrated furnace allows the user to specify the desired temperature profile for control of catalyst inlet temperature; the temperature can be increased at rates up to 50°C/min. The gas mixture passes through the catalyst sample and is then transported through a heated line from the SIGU to a splitter box. The splitter box can split the flow from the SIGU into three further heated lines allowing up to three analysers to be used for gas sample analysis.
The analysers used in this study were a Horiba 6000FT (FTIR) and a Horiba MEXA 7170 exhaust gas analyser. The FTIR is capable of speciating twenty-four chemical compounds while the MEXA measures CO, CO 2 , O 2 , Total Hydrocarbons, NO x and SO 2 . A schematic of the laboratory can be seen in Figure 1 where the arrows represent the direction of gas flow.
Figure 1. Laboratory Schematic
The FTIR data is logged at 1Hz while the MEXA readings are recorded using a separate PC at a rate of 5Hz. The catalyst inlet and outlet temperatures are also logged once every five seconds. As the concentration of gas entering the catalyst is known and the outlet concentration is given by the analysers the conversion efficiency can be calculated using Equation 7.
(7)
The test sample used in this study was a three-way catalyst (TWC) of commercial formulation with Pd and Rh as the active metals in a ratio of 5:1 with a loading of 1.8 g/L (50g/ ft 3 ). The catalyst was received as a full brick and cored to diameters of 30mm. The flow rate for CO light-off tests was calculated based on catalyst volume to give a space velocity of 50,000 h −1 . Test results from three samples are presented for the respective de-greening and pre-treatment studies. 'Sample 1' was used initially in the de-greening study and also in the subsequent pre-treatment study. 'Sample 2' was used in the de-greening study only and 'Sample 3' was used in the pre-treatment study only.
The light-off test procedure incorporated a warm up ramp in N 2 only with a temperature profile of 20°C/min to 300°C followed by a cool down to 80°C. The purpose of the warm up ramp was to ensure that the sample had a uniform temperature throughout i.e. the catalyst inlet and outlet temperature readings were equal. Following the warm up the CO and O 2 mass flow controllers were switched on and delivered concentrations of 0.5 and 2% respectively. Following the injection of the reactant gases the first of two consecutive light-off temperature ramps was initiated. The light-off test temperature profile incorporated a temperature increase rate of 5°C/min up to an inlet temperature of 300°C followed by a cool down to 80°C where the catalyst inlet and outlet temperatures were again allowed to stabilise before a second identical light-off temperature ramp began. Figure 2 shows an example of the temperature ramp profile used; the first of the three peaks is the warm-up ramp followed by two consecutive light-off temperature ramps. This procedure was employed as the warm up ensured uniform sample temperature and the two light-off temperature ramps to 300°C were sufficient to achieve maximum conversion efficiency. Figure 3 shows two light-off curves from separate tests which used the same catalyst and the same gas composition; these curves illustrate the excellent repeatability from this system. For example, the light-off temperature is repeatable to within 0.5°C.
Figure 2. Temperature Profile used for CO Light-Off Test Figure 3. Light-Off Curves obtained from Separate Tests on the Experimental Equipment

RESULTS AND DISCUSSION
DE-GREENING STUDY
The procedure used in the de-greening study involved a 'green' CO light-off test on Sample 1 and subsequent CO light-off tests following each consecutive period of time in the oven. Initially an oven temperature of 600°C was used until a cumulative total of 8 hours was reached; as stabilisation was not yet evident the temperature was increased to 750°C. The oven was brought to temperature and the sample was then placed in the oven for the specified period of time. The oven was then allowed to cool before removing the sample.
Following each stint in the oven a treatment in 3% H 2 was performed; this was carried out at a space velocity of 25,000 h −1 up to 400°C at which point the temperature was held for 10 minutes followed by a further ramp to 500°C [12] . This was followed by a treatment in 5% O 2 at a space velocity of 50,000 h −1 at 192°C for 30 minutes [13] . Following these treatments a CO light-off test was performed. The motivation for these treatments was to ensure that the catalyst sample was being tested from a datum point after each period of time in the oven thereby ensuring that the only variable was the duration it had spent in the oven. A space velocity of 25,000 h −1 was used for the H 2 due to a limitation with the mass flow controller total flow. In order to achieve a higher H 2 concentration the total flow was reduced and as a consequence the space velocity was reduced. Table 1 details the concentrations for the H 2 , O 2 and CO light-off procedures.
Table 1. Gas Compositions for Hydrogen Reduction, Oxidation and CO Light-Off
The cumulative total time spent in the oven along with the corresponding CO light-off test number is detailed in Table 2 .
Table 2. Cumulative De-greening Details of Sample 1
Tests 1 and 2 were performed before Sample 1 had been subjected to any de-greening in the oven; as the sample was completely green before these set of tests were undertaken it was of interest to observe the effect of performance testing alone before de-greening in the oven commenced. In conjunction with Table 2 the light-off curves associated with each of the tests are illustrated in Figures 4 and 5 (tests numbered 1-8 to co-ordinate with Table 2 ). It is important to note that Figure 4 shows the conversion curves from the first of the two consecutive temperature ramps which are included in each light-off test while Figure 5 shows the conversion curves for the second of the two ramps. The reason for using this particular depiction of the tests was due to the fact that very early conversion of CO was observed upon injection of the reactant gases (CO and O 2 ) following the warm up in N 2 . This phenomenon is thought to be a result of the pretreatment the sample received using hydrogen and oxygen directly prior to each CO light-off activity test. This effect is discussed further in the pre-treatment study presented later in this document.
Figure 4. CO Light-Off 1 Conversion Curves Corresponding to the Various Stages of Sample 1's Degreening Process
The conversion curves in Figure 4 clearly show the shift upwards in light-off temperature as the sample was subjected to increasing time in the oven. In addition to the higher lightoff temperature the early conversion of CO is another notable point. In Test 1 upon injection of the reactant gases (at a temperature of 80°C) the conversion immediately reaches 20% and as the sample was subjected to repeated stints in the oven this early conversion consistently reduces. Both the trend of increasing light-off temperature and the reduction in high early conversion are indicative of a decline in the sample's activity due to the loss of active surface area during the de-greening phase. The early conversion exhibited by these curves is a characteristic also observed during the pretreatment experiments which are detailed later in this study. It is important to re-iterate that each of these CO light-off tests were preceded by treatments in H 2 and O 2 . Figure 5 also illustrates the trend of increasing light-off temperature through the de-greening process; however it is less dramatic than that portrayed in Figure 4 . The curves in Figure 5 are taken from the second of the two consecutive temperature ramps. At this stage in the light-off test the catalyst sample had been subjected to the reactant gases for one light-off temperature ramp, the cool down period to 80°C and the stabilisation at 80°C for 10 minutes and so the effect of the pre-treatment strategy is no longer a factor as in the curves represented in Figure 4 . As a result there is no 'early conversion' and these curves may be viewed as more representative of the 'normal' activity of this catalyst formulation. The respective light-off temperatures (T 50 ) of each curve can be found in Table 3 as well as in a further representation found in Figure 6 . Table 3 and Figure 6 demonstrate the trend of increasing light-off temperature as the sample is de-greened and the trend of an earlier light-off temperature for light-off 1 in each test. However, the difference in the light-off temperatures between ramps 1 and 2 within each test decreases steadily as the sample is de-greened. One discrepancy in this trend can be seen in Test 2 where the light-off 1 temperature was 127°C, 6.5°C greater than the subsequent Test 3 where the sample had been placed in the oven for 4hrs at 600°C. However, the second light-off temperatures in Tests 1 and 2 are within 1.5°C of one other at 133.5°C and 135°C respectively. The second light-off in Test 3 showed a temperature increase of just 2°C to 137°C compared to that found in Test 2 despite the time spent in the oven. The sample was de-greened for a further 1 hr at 600°C then a further 4 hrs at 600°C giving an accumulated total of 8 hrs at 600°C in the oven, at this point the sample had shown an increase in light-off temperature for light-off 1 of 18°C and light-off 2 of 6.5°C compared to Test 1. Tests 4 and 5, in which the sample had between de-greened for 5 and 8 hrs respectively at 600°C, showed a further increase of 4°C for light-off 1 and 0.5°C for light-off 2. As a result of the declining difference in light-off 2 temperature between Tests 4 and 5 the decision was made to increase the oven temperature to 750°C to observe any further effects on the sample's performance caused by a higher temperature. Tests 6, 7 and 8 represent the further de-greening at 750°C for cumulative totals of 1, 4 and 8 hrs respectively. The trend of increasing light-off temperature continued through each of these tests. However, the temperatures observed for light-off 1 in each of the tests saw some convergence towards the temperatures observed on the second light-off, indicating that the surface had become less affected by the pre-treatment in H 2 and O 2 . Following 1hr at 750°C Test 6 showed a 4°C increase for light-off 1 compared to Test 5 and a 2°C increase for light-off 2 over Test 5. Test 7 showed a further increase of 4.5°C and 1°C for the first and second light-offs respectively. Test 8 revealed an increase of 4°C for both light-off 1 and 2. This is notable as light-off 1 had previously experienced a greater increase in temperature than light-off 2 through all of the previous stages. At this point a CO light-off test was performed to observe the behaviour of the sample without the injection of the reactant gases after a warm up temperature ramp in N 2 only i.e CO and O 2 were present during the warm-up temperature ramp. The S-curves from this test are shown in Figure 7 .
Figure 5. CO Light-Off 2 Conversion Curves Corresponding to the Various Stages of Sample 1's Degreening Process
Figure 6. Comparison of Light-Off Temperatures 1 and 2 from each respective stage of De-greening on Sample 1 Figure 7. Light-Off Curves using Sample 1 with Full Gas Mixture from Test Start
The light-off temperatures for the test shown in Figure 7 were 147.5°C and 146.5°C for light-offs 1 and 2 respectively. These temperatures are concurrent with that from the second light-off in Test 8 which had a T 50 of 147°C. Following this test the decision was taken to subject a completely green sample (Sample 2) to a period of 8 hrs at 750°C in the oven and subsequently test it under the same protocol as used for Tests 1-8 to observe whether or not it exhibited similar lightoff characteristics to Sample 1. The S-curves obtained from the test on Sample 2 following its 8hrs at 750°C in the oven plus pre-treatments are shown Figure 8 .
Figure 8. Light-Offs 1 and 2 on Sample 2 following 8hrs at 750°C in the Oven
The light-off temperatures were 130°C and 145.5°C for lightoff 1 and 2 respectively. Although the light-off 1 temperature is concurrent with that seen from Sample 1 in Test 5 (lightoff 1 after 8hrs de-greening at 600°C) the second light-off is within 1.5°C of Test 8 where Sample 1 had also been degreened at 750°C for 8hrs. This indicates that Sample 2 had reached a similar surface stability to that of Sample 1 despite the repeated testing to which Sample 1 had been subjected. This proves that Sample 1 had reached a stable surface state as the extensive testing and repeated temperature ramps to 600°C during the H 2 reduction treatments would have most certainly caused further sintering of the surface. To further compare the activities of Samples 1 and 2, Sample 2 was tested with no pre-treatment using a CO light-off test with CO and O 2 present during the warm-up ramp thereby replicating the same test procedure performed on Sample 1 represented by Figure 7 . The main purpose of this was to demonstrate the performance during a typical light-off test; light-off 1 had a T 50 of 145.5°C and light-off 2 had a T 50 of 146°C. These temperatures are very repeatable with those from Sample 1 under the same conditions from Figure 7 indicating that 8 hrs in the oven at 750°C is sufficient for obtaining repeatable results due to stabilisation of the catalyst surface. Further to the previous tests, a final investigation was performed where Sample 1 was placed in the oven at 800°C for a period of 8 consecutive hours and subsequently tested using a CO light-off. The motivation for this test was to ascertain the effect of the slightly higher oven temperature of 800°C which may be considered as a transition into the temperature region associated with catalyst ageing and to assess the consequence of this on catalyst performance. The subsequent CO light-off test (conducted as a normal light-off with no pre-treatment) yielded T 50 temperatures of 154.5°C and 155.5°C for light-offs 1 and 2 respectively. The consequence of increasing the de-greening temperature to 800°C caused a temperature shift of 8.5°C for light-off 1 and 9°C for light-off 2. These temperature shifts are significant compared to those observed previously through the degreening processes. Although the sample may be regarded as being stable at this point it is apparent that the active phase has been more greatly impacted by the higher de-greening temperature than previously observed. Additionally, as 750°C is a higher temperature than that to which the sample would be subjected during laboratory testing it was concluded that 750°C was a sufficiently high temperature for de-greening as no further detrimental thermal effect would be induced during testing.
PRE-TREATMENT STUDY
The pre-treatment study test strategies included three separate treatment approaches designed to allow observation of the effect of reducing, oxidising and inert atmospheres on catalytic behaviour and to address the possible requirement to treat a catalyst sample prior to testing to ensure repeatable results. The first procedure for the reduced treatment involved subjecting the sample to the same reduction treatment as used for the de-greening tests, 3% H 2 (SV = 25,000 h −1 ) with a temperature ramp up to 400°C where the temperature was held constant for 10 minutes followed by a further temperature increase to 500°C [13] [16] . Due to mass flow controller limitations, to achieve a concentration of 3% H 2 the space velocity of this treatment was reduced to 25,000 h −1 as a result a temperature hold at 400°C was incorporated to increase the total volume of the reducing mixture through the sample. This treatment was followed by a CO light-off test. The second pre-treatment involved an identical reduction to that detailed previously followed by oxidation of the sample in 5% O 2 (50,000 h −1 ) where the temperature was increased to 192°C and held there for 30 minutes before a cool down [12] [13] . This was followed by a CO light-off test. The third and final pre-treatment strategy used N 2 (SV = 50,000h −1 ), in this case a 15°C/min temperature ramp up to 600°C was used before the sample was subjected to a CO light-off test. This profile was designed within the limits of the test equipment as 15°C/min was an easily achievable temperature ramp rate and 600°C is the recommended upper limit for the integrated furnace. A summary of the treatment specifications can be found in Table 4 . For each CO light-off test following the respective pre-treatment strategies the same light-off test procedure was used as detailed previously for the de-greening activity tests in that the warm up ramp was performed in N 2 only. This method showed interesting results as the effect of each pre-treatment had on the sample surface was evident particularly on the first light-off temperature ramp.
Table 4. Pre-Treatment Specifications
The pre-treatments were performed on a green sample (Sample 3) and also on the de-greened Sample 1 to highlight any differences between the effect on a green and a stabilised sample.
Hydrogen Reduction Pre-Treatment
The first pre-treatment strategy tested was a reduction using 3% H 2 in N 2 . A CO light-off followed the pre-treatment. Figures 9 and 10 show the species observed during the reduction in H 2 using the green Sample 3.
Figure 9. CO 2 and CH 4 emission during the Reduction of Green Sample 3 Figure 10. Emission of H 2 O during H 2 Reduction of Green Sample 3
Figures 9 and 10 show a significant emission of CO 2 , CH 4 and H 2 O during the reduction of Sample 3 using 3% H 2 . It is important to note that N 2 and H 2 were the only gases entering the catalyst. Initially, it is clear that CO 2 and H 2 O were emitted from the surface of the sample. The presence of water is not unexpected due to oxygen being retained on the surface which would combine with the H 2 in the gas stream introduced to the catalyst, however the CO 2 must have been emitted directly from the surface of the sample. As the CO 2 and H 2 O deplete the emission of CH 4 becomes prominent peaking at around 170ppm. During the temperature hold at 400°C the level of methane emitted dropped but increased during the temperature ramp to 500°C before finally depleting entirely on the cool down ramp. It appears that once the O 2 on the sample surface had depleted during the first 1000s of the reduction the H 2 in the feed gas then reacted with the remaining carbon atoms on the sample surface forming methane. The results of the CO light-off which followed this reduction are shown in Figure 11 .
Figure 11. CO Light-Off Curves following H 2 Reduction on Green Sample 3
Light-off 1 had a T 50 temperature of 108.5°C while light-off 2 had a T 50 of 131°C. This pre-reduced light-off test produced the highest 'early conversion' of any test upon injection of the reactant gases with conversion not dropping below 30% for light-off 1. The sample also converted 3% of the CO feed gas during the temperature stabilisation ramp between light-offs 1 and 2 at a temperature of around 80°C. This very high activity can be attributed to the fact that the sample is green and therefore in its most active state. However, the early conversion displayed in light-off 1 must be due to the reduced state of the sample surface. The H 2 pretreatment had stripped the surface of O 2 and upon injection of CO and O 2 in the feed stream following the warm up in N 2 a spike of H 2 O was observed. This is most likely due to hydroxyl ions remaining on the surface and subsequently reacting with the newly present O 2 causing a significant exotherm of around 40°C to be observed downstream of the sample [12] . As a result of this increase in the sample bed temperature some CO and O 2 would have had sufficient energy to react hence causing the early conversion exhibited. This would have further been facilitated by the reduction treatment having cleaned the surface by removing carbon atoms in the form of methane as shown in Figure 10 ; resulting in significantly more available active sites for absorption and subsequent reaction. As the test continued through to maximum conversion, cool down and stabilisation the conversion dropped as expected. By this stage the surface would have returned to a more typical state having adsorbed CO and O 2 resulting in a more 'normal' S-curve shape for light-off 2.
Sample 1, which had been previously used in the de-greening study, was also tested to assess the effect of H 2 pre-treatment and to understand how significant the factor of Sample 3 being green had on the results shown above. The species observed during the reduction on Sample 2 are shown in Figures 12 and 13 . Once again CO 2 and CH 4 were emitted from the sample, however, in comparison with the green sample more CO 2 was observed in this case while the level of CH 4 is similar. Figure  13 shows a decrease in water emission during this reduction, 0.6% peak compared to 1.15% from Sample 3 in Figure 10 . This may be due to the higher level of CO 2 emitted indicating that more of the surface was occupied with CO 2 than O 2 . Following this reduction a CO light-off was performed, the Scurves are shown in Figure 14 .
Figure 14. Reduced Light-Off S-Curves from Sample 1
The light-off temperatures for this test were 140.5°C and 148°C for light-offs 1 and 2 respectively. In comparison with Sample 3 this is an increase of 31.5°C for light-off land 17°C for light-off 2. The early conversion observed in light-off 1 was 5% compared with 30% on the green sample. This illustrates that the de-greening procedure to which Sample 1 had been subjected had a significant effect on the surface as expected. However, the chemically reduced surface did decrease the temperature of light-off 1 by 8°C from that off light-off 2.
Oxidation Pre-Treatment
The oxidation pre-treatment followed a similar procedure to that used in the reduction in that the samples were reduced in H 2 then oxidised using 5% O 2 . Having observed the large amount of CO 2 and CH 4 emitted during the reduction treatment the decision was taken to reduce the sample before oxidation to ensure that results representative of a fully oxidised surface were portrayed. Once again Sample 3 was used to illustrate the effect on a green sample.
The reduction phase exhibited similar trends to those shown previously and so has not been presented here. Figure 15 shows the oxidation sweep of the catalyst which followed the reduction. This was performed at a constant temperature of 192°C. Figure 15 shows an interesting characteristic of no CO 2 being observed for the first 200s then a consistent amount was omitted throughout the remainder of the test. The CO 2 originated from the compressed air which is used for the oxidation; this trend suggests that the catalyst adsorbed the CO 2 during the first 200s. A control test was performed with no catalyst present which showed a continuous amount of CO 2 throughout the test therefore proving that in the first 200s of the test shown in Figure 15 , the CO 2 must have been adsorbed on the catalyst surface. Following the oxidation a CO light-off was performed, the S-curves from which are shown in Figure 16 .
Figure 15. Oxidation of Sample 3 in 5% O2 Pre CO Light-Off
Figure 16. CO Light-Off on Sample 3 following Oxidation using 5% O 2
Light-off 1 had a T 50 of 111.5°C which is 3°C higher than the hydrogen reduced light-off on the same sample. Light-off 2 had a T 50 of 133.5°C, 2.5°C higher than the hydrogen reduced light-off 2 temperature on this sample. The early conversion seen on light-off 1's curve was just over 20% compared to the 30% observed on the reduced test. However, unlike the reduced test there was no spike of water observed upon injection of the reactant gases following the warm up in N 2 . This further indicates that H 2 atoms remain on the surface following a reduction using hydrogen resulting in the emission of water when the reactant gases are injected.
As in the hydrogen pre-treatment study, this oxidised lightoff test was replicated using the de-greened Sample 1. The oxidation of the sample following a reduction is shown in Figure 17 and the S-curves from the CO light-off are shown in Figure 18 . Figure 17 shows a similar trend to that seen previously from the green sample in Figure 15 indicating little difference between the green and de-greened samples during the oxidation treatment. The S-curves reveal a significant reduction in activity particularly on light-off 1 which was also observed in the hydrogen reduced light-off tests between Samples 1 and 3. Light-off 1 in Figure 18 had a T 50 of 143°C which is 32.5°C higher than the green sample while light-off 2 had a T 50 of 150°C which was the highest light-off temperature observed from this sample. This may be explained by the Pd having been oxidised by the oxygen pretreatment and the lean mixture used for the light-off tests. This combination could cause the activity to be slightly diminished due to high oxygen coverage on the surface. In comparison with the reduction pre-treatment in this case light-off 1 was 2.5°C later and light-off 2 was 2°C later than seen on the reduced, de-greened sample.
Nitrogen Pre-Treatment
The procedure used for the N 2 pre-treatment used a temperature ramp of 15°C/min up to 600°C. The N 2 treatment on the green sample again showed emission of CO 2 which depleted immediately after the heating ramp was complete as shown in Figure 19 . Following the N 2 treatment a CO light-off was performed, the S-curves from this test can be seen in Figure 20 .
Figure 19. CO 2 Emission during N 2 Treatment from Green Sample
The light-off temperature for ramp 1 was 119°C and light-off 2 had a temperature of 140°C; both of these temperatures are the highest observed in comparison with the reduced and oxidised treatments suggesting that the N 2 treatment had less of a promoting effect on the subsequent light-off test.
The de-greened catalyst (Sample 1) was then treated using the same procedure and tested with a CO light-off. The emissions during the N 2 treatment and the subsequent lightoff curves can be seen in Figures 21 and 22 respectively. Figure 23 shows a trend of increasing light-off temperature from light-off 1 to light-off 2 in each of the respective treatments; this can be attributed to the pre-treatment having altered the surface of the sample causing low temperature activity for light-off 1. The hydrogen treatment gave the lowest light-off 1 temperature followed by the oxidation treatment while the nitrogen treatment gave the highest results for both light-offs on the green sample. Figure 24 shows the temperatures obtained from the de-greened Sample 1. In addition to the results from the various pre-treatment tests also included is the result from the 'normal' light-off test performed on Sample 1 previously detailed in Figure 7 where Sample 1 had light-off temperatures of 147.5°C and 146.5°f or light-offs 1 and 2 respectively. This acts as a representation of typical light-off temperatures expected from the sample. Comparing the results of the pre-treatment tests in Figures 23 and 24 the difference between light-offs 1 and 2 has reduced dramatically on the de-greened sample. This indicates that all of the pre-treatments have the greatest effect when used on a green sample due to the greater surface area of precious metal available. The pre-treatments on Sample 1 saw the highest temperature from the pre-oxidised test on light-off 2; this may be a side effect of high oxygen coverage on the surface leading to diminished available active sites for the incoming CO reactant gas. The pre-treatment in nitrogen gave a light-off temperature of 146.5°C making it the most consistent with the 'normal' light-off.
However, it is necessary to note that all three pre-treatments yielded similar light-off 2 temperatures and so if the reactant gases (CO and O 2 ) were present from the beginning of the light-off tests it is highly likely that all the light-off temperatures would be very similar. Overall, it is thought that the nitrogen treatment is the most economical and logistically viable solution and would neither chemically reduce nor oxidise the surface to a state unrepresentative of its typical operation.
CONCLUSIONS
As a result of the study described the following procedures for preparing catalyst samples prior to testing for the purpose of measuring reaction kinetics are recommended:
1. In order to remove the influence of the rapid change in surface area during the early stages of catalyst sample's test life de-greening is required. A temperature of 600°C is often used for de-greening, however this temperature proved insufficient for this catalyst. It was concluded that the sample used in this study required a temperature of 750°C for a period of 8 hours in air to achieve sufficient stability. The use of a temperature greater than 750°C would be considered as aging the sample.
2.
The pre-treatment study further underlined the need for adequate de-greening of a test sample prior to the commencement of its test life. The effect of each of the respective treatments using H 2 , O 2 and N 2 was most prominent on the green sample while the de-greened sample was much less susceptible to variation in light-off temperature following the treatments. In particular the reduction treatment using hydrogen resulted in high activity from the green sample. The oxidation treatment showed an interesting trend of CO 2 adsorption which would also have affected the surface chemistry and the subsequent activity. The most inexpensive and logistically viable solution to ensure that the surface of the PM is in an identical condition prior to each test was found to be pre-treatment in nitrogen by using a temperature profile of 15°C/min up to a temperature of 600°C.
